The aortic valve echogram was recorded in open chest dogs simultaneously with aortic flow, acceleration of flow, aortic and left ventricular pressures, and intracardiac phonocardiograms.
UNTIL RECENTLY most of the studies describing the dynamic behavior of the normal aortic valve were done either with models' or at autopsy.2, 3 Attempts have also been made to infer the hemodynamics of the normal valve from studies of prosthetic valves. 4 Following the demonstration by Edler5 that motion of the aortic cusps can be recorded by ultrasound technique, the systematic studies of Gramiak and Shah" 7 helped to delineate the functional anatomy of the normal aortic valve as seen in the echogram.
A controversial issue has been the genesis of the major component of the second heart sound and its relation to aortic flow and valve closure. While it is generally believed that valve closure and sudden impedance to back flow are responsible for the production of sound vibrations8' 9 whether the sound precedes'0 or follows" valve closure has not been established.
In this study we correlate the dynamics of aortic cusp motion, as recorded by the echogram, with changes in instan-From the Cardiac Research Laboratory, Gradel Heart Department, Ichilov Hospital, Municipal-Governmental Medical Center, Tel-Aviv, and the Sackler School of Medicine, Tel-Aviv University.
Supported by grant #424 from the United States-Israeli Binational Science Foundation (BSF), Jerusalem, Israel. while flow was still accelerating. Final closure of the valve was achieved at the time of zero flow and preceded the aortic second sound by 4-10 msec. The echographically determined "valve orifice area" correlated well with aortic stroke volume (r = 0.94).
The intensity of the aortic first sound was related to peak acceleration of aortic flow. The intensity of the second sound was not related to the amplitude of cusp motion but correlated well with the aortic pressure at the time of closure and with peak flow deceleration. taneous transvalvular flow and stroke volume. Particular emphasis is placed on opening and closing events and the relationship between sound vibrations and pressure, flow, and cusp motion.
Material and Methods
Fifteen dogs, 19-25 kg, were anesthetized with pentobarbital (30 mg/kg), the chest was opened at the midsternum and the heart exposed. Left ventricular and aortic pressures were measured with high-fidelity catheter-tipped transducers (Micro-Tip model PC-350, Millar Instruments). The left ventricular catheter was inserted through an apical puncture and access to the aorta was gained by retrograde passage via the right common carotid artery. Both catheters were adjusted for common zero and equal sensitivity, which was checked repeatedly throughout the experiments by momentarily positioning the aortic catheter in the left ventricle or by advancing the left ventricular catheter into the aorta above the valve. A short stiff catheter connected to Statham P23Db pressure transducer was introduced into the left atrium via a pulmonary vein for measurements of left atrial pressure. An electromagnetic flow probe was placed around the ascending aorta just above its root and instantaneous aortic flow was recorded by a square wave electromagnetic flowmeter (Model 501, Carolina Medical Electronics). The fre- Abbreviations: CO = cardiac output; HR = heart rate; Syst = systolic; Diast = diastolic; VOA = valve orifice area; accel = acceleration; decel = deceleration AoF = aortic flow; AoP = aortic pressure; max = maximal; amp = amplitude. quency response of the flow meter was selected at 30 Hz, with a time lag of less than 3 msec. The velocity curve recorded by the probe was the true reflection of actual flow since the area circumscribed by the aortic flow probe was constant and the probe was tightly placed around the aorta. The time derivative of the aortic flow (dQ/dt), obtained by electronic differentiation, was used to measure its acceleration or deceleration.
Sound vibrations from the aorta and left ventricle were obtained from the high fidelity pressure transducers by filtering their output using a method described previously'2 to allow the recording of vibrations between 40-500 Hz.
The aortic valve echogram was obtained with a 3.5 MHz focused transducer 10 mm in diameter and a Unirad Series 100 echocardiograph. After achieving the characteristic pattern of the anterior mitral cusp echogram, using a technique that has already been described,"3 the transducer was tilted medially and anteriorly following the anatomical continuity between the anterior cusp of the mitral valve and the posterior aortic wall until optimal registration of the aortic cusps, presumably the right and noncoronary, was recorded at a paper speed of 75-150 mm/sec.
The effects of changes in peripheral resistance and cardiac output on the dynamics of the aortic valve were investigated following administration of pharmacologic agents (isoproterenol 0.1 cg/kg/min or phenylephrine 1-2 ,ug/kg/min), or changes in left ventricular filling volume.
Complete echographic and hemodynamic data were obtained in six dogs and only partial data in the remaining nine, due to the complexity of the experiments and the difficulty in obtaining a good aortic valve echogram in the open-chest dog. blood that had passed through the valve by the time the cusps achieved their full excursion of opening ( fig. 1 , shaded area). The amplitude of valve opening was measured at the point where maximal distance between the two cusps was achieved at the beginning of systole (E-E' in fig. 1 ) and the amplitude of closing was taken as the distance between the cusps at the point where they started their rapid movement toward closure (B-B1 in fig. 1 ). The speed of cusp motion during the events of opening or closing was measured from the slopes of the different segments of the echogram: The O-B slope gave the rate of valve opening, the E-B slope gave the speed of the slow systolic valve closure, and the B-C slope was the rate of final valve closure at the end of systole. "Valve Orifice Area" was used to describe the amount of valve opening during systole and was defined as the area circumscribed by the echograms of the two aortic cusps during systole. This area was measured by planimetry and was assigned arbitrary units for the purpose of comparing different beats.
In any given experiment there was no change in the sensitivity of the intraaortic sound recording system since the position of the aortic catheter was not changed relative to the aortic valve and thus it was possible to compare variations in sound intensity in the same experiment by measuring the maximal amplitude of the major sound components. During the short periods of recording the respirator was turned off to avoid unwanted movements and vibrations.
Statistical Methods
Linear regression analysis was performed using a Monroe 1860 statistical programmable calculator.
To estimate the effects of diastolic blood pressure (BP), deceleration of aortic flow (dQ/dt), and stroke volume (SV) on the intensity of the second sound (S,), multiple regression analysis was performed. The second sound was considered as a function of the above independent variables (S2pr. = a + b BP + b2 dQf+ b SV). We looked for interrelationships between the variables; thus we considered the multiple correlation and the partial correlation coefficients.'4
Results
The Relationship of Aortic Flow to Cusp Motion Figures 2 and 3 are original records taken from two different dog experiments demonstrating typical relations between flow, sound, pressure, and the aortic valve echogram. Table 1 summarizes the hemodynamic and echographic data in the six dogs on which all data were obtained. In each experiment, measurements were made under stable conditions on 20 consecutive beats; the average + SEM are given.
The initial opening motion of the aortic valve occurred simultaneously with the onset of aortic flow and at the point that left ventricular pressure exceeded aortic pressure. The opening motion of the aortic valve was smooth, with an average speed of 270 mm/sec, and the cusps achieved their peak amplitude of excursion while flow was still accelerating at an average of 43 msec before peak flow. Full valve opening was achieved when the velocity of the flowing blood was 40% of its peak and when 5-9% of the total stroke volume had passed through the valve. Following the completion of the opening movement the cusps started moving slowly toward closure. This systolic closing motion (E-B slope) was faster, and thus more apparent, in beats with small stroke volume, but nevertheless was a constant phenomenon persisting in every beat, though to different degrees. In some experiments the echogram showed a small but rapid movement toward closure oc- curring immediately following opening, resembling an " overshoot" (point E, fig. 1 ). Final closure of the valve was achieved at the time of zero flow and the average speed of cusp motion during final closure was 237 mm/sec. When stroke volume varied from beat to beat, as seen in arrhythmias, it was demonstrated that with larger stroke volume the rate of aortic valve opening was faster, the maximal amplitude of excursion occurred sooner and the cusps achieved wider separation. Figure 4 demonstrates the relationship between stroke volume and the rate of cusp opening in 65 beats from a dog in which there was a marked variation in stroke volume due to arrhythmia (r -0.80), and figure 5 gives the relationship between the speed of valve opening and acceleration of aortic flow (r = 0.87) in the same dog. The correlation between aortic stroke volume and the echographically determined valve orifice area is presented in figure 6 (r= 0.94) and demonstrated in an original record taken from another dog ( fig. 7) where the stroke volume is spontaneously decreasing. In each case the above relationships are based on data from a single animal, not a group. However these results were reproducible in other dogs as can be seen from table 2 that there were no significant differences between the various coefficients of correlation in five different dogs. Dog 4 was selected as representative for the graphic illustrations.
Analysis of Aortic Sounds
Temporal Relation ofAortic Sound Vibrations to Opening and Closing Events Examination of the aortic component of the first sound revealed that it started before the onset of aortic valve opening and acceleration of flow (table 1 and fig. 2 ).
The echogram clearly shows a close temporal relation between the aortic valve closure, the dicrotic notch of the aortic pressure, and the large amplitude vibrations of the second sound (figs. 2, 3). However there was a short time lag, in the range of 4-10 msec (table 1), between the point of the initial cusp apposition and the beginning of the major sound component and the dicrotic notch. Some records demonstrated a rapid vibrating motion of the sealed cusps which started immediately following closure and occurred simultaneously with the major sound component ( fig. 3 ).
Factors Responsible for the Intensity ofthe Aortic Sounds
The relative intensity of the major vibration of the aortic sounds was obtained by measurements of the amplitude of the phonocardiograms recorded from a location just above the valve, where the vibrations indicated sounds originating in the vicinity of the valve. The mitral component of the first heart sound could be recognized and differentiated from the aortic component since it came earlier and its amplitude in the aortic phono was smaller than that in the left ventricular phono. Table 3 summarizes hemodynamic and echographic data from a dog in which changes in left ventricular filling volume and the effects of pharmacologic agents (isoproterenol and (table 1) . Differences between any two coefficients of correlation were not significant (Student's t-test).
N refers to number of beats.
Abbreviations: cusp raterate of cusp opening movement; Peak accel AoF = peak acceleration of aortic flow; Amp AoSiamplitude of aortic component of first heart sound; AoP = aortic diastolic pressure; amp hf S2amplitude high frequency component of second heart sound; Decel AoF = peak of deceleration of aortic flow. For others see table 1 phenylephrine) induced marked variations in stroke volume and/or aortic pressure. Twenty beats of each phase of the experiment were analyzed and four groups of beats with different stroke volume and aortic pressure are presented.
The intensity of the aortic component of the first sound appeared to have a smaller range of variation than the second sound. It was not affected by the aortic blood pressure and little affected by peak flow (r = 0.52) and stroke volume (r -0.76). It was more closely associated with changes in acceleration of aortic flow as shown in figure 8 which correlates the amplitude of the aortic component of the first sound and peak acceleration of aortic flow (r = 0.84). Figure 7 is an example from a single dog of the relationship between flow acceleration (dQ/dt) and the amplitude of the aortic first sound. In the weaker beats flow accelerates slowly and the first sound is reduced in its intensity.
The intensity of the second aortic sound did not correlate with the maximal amplitude of cusp opening (table 3, fig.  10 ). Figures 9, 10 , 11, and 12 demonstrate the effects of diastolic aortic pressure (at time of valve closure), stroke volume, and peak deceleration of aortic flow on the intensity of the second sound. These results, obtained from one dog (experiment 4), were reproducible in the other dogs (table 2) .
In a single dog, the components, peak deceleration of aortic flow, stroke volume, and aortic blood pressure, were cor-* * *y .. . X. ..
r= 0684±T03
n_ 70 related with the intensity of S, over 35 beats (tables 4-6).
Aortic blood pressure and peak deceleration of aortic flow exerted the major influence over intensity of the second heart sound.
Discussion The normal aortic valve echogram is usually described as having the configuration of a "box" with two parallel lines reflecting the movement of the right and noncoronary cusps during the period of ejection.'5' 1 O However, since Gramiak and Shah7 showed that the amplitude of the opening movement of the valve is greater than that of closing, the orifice must be decreasing in size during midsystole, with the margins of the cusps moving toward each other. This phenomenon of early closure of the valve during systole was observed in all our experiments. A review of our patient records and records presented in the literature'6-17 further confirm this observation.* In their study using an aortic valve model, Bellhouse and Bellhouse' found that the valve opened rapidly, before peak flow; stayed open until after peak flow; and moved toward closure after flow started to decelerate. They postulated a vortex mechanism which formed in the sinuses and contributed to efficient valve closure. Our results show a different temporal relation. When the ventricular pressure exceeds the aortic pressure, flow starts and the valve opens widely, achieving its maximum opening before peak flow, and starting its slow movement toward closure while flow is still accelerating. It appears that internal forces caused by the displacement of the cusps, in combination with vortices in the sinuses, cause the leaflets to begin to close before flow begins to decrease.
In low output states ( fig. 7 ), or in premature ventricular contractions in patients,17 the forces applied to the leaflets by the fluid are reduced during both acceleration and deceleration and the cusps move toward apposition more rapidly under the action of external and internal forces.
Unlike the mitral valve which may stay open during diastole even with no flow across it," our results show that the aortic valve does not stay open unless forward flow is passing through it. This observation indicates that substantial internal forces exist in the opened aortic valve and its equilibrium position, in vivo, is closed.
PEAK OF ACCELERATN10 F 21E4 1C6 FL1
PEAK OF ACCElEtRATION OF AORTIC fLOW *The anterior motion of the two parallel walls of the aortic root during ejection, which accompanies the systolic cusp separation, makes it difficult for the eye to appreciate that the two inner lines representing the cusps do not stay parallel to each other during systole. Our studies also show that echographically determined ".aortic valve orifice area" is a reasonably accurate reflection of aortic flow and stroke volume; this is in contrast to the situation in the mitral valve.13 ii This finding, which confirms previous observations by Feigenbaumi6 and by Yeh et al.,20 may be useful in the clinical situation (provided an adequate aortic valve echogram is obtained) to estimate relative changes in stroke volume and cardiac output in an individual patient following arrhythmias, pacing at different rates, etc.
Origin of the Aortic Sounds
Our analysis of aortic valve sounds was based on the study of vibrations registered in the vicinity of the valve by an intracavitary high-fidelity transducer. We are aware of the possibility that the recorded vibrations may not be the true replica of external aortic sounds. However, since these vibrations were registered from a site as close as possible to The aortic component of the first heart sound was found to be clearly related in its intensity to acceleration of aortic flow. This supports previous suggestions that early acceleration of the ejected blood is responsible for vibrations originating in the aortic root.10 21"23 There was no fixed temporal relation between this sound and the time at which the aortic cusps achieved their maximal amplitude of opening ( fig. 7 ). This confirms Waider and Craig's recent observations that in the normal aortic valve the cusps do not participate in the genesis of the first sound,23 and the findings of Whittaker et al. 22 that aortic ejection sounds heard in subjects with no aortic valve disease are the exaggerated ejection component of the first sound. Since our aortic phonocardiogram did not record sounds originating in the vicinity of the tricuspid valve, we cannot appreciate the contribution of tricuspid valve closure to the second major component of the surface first sound.
The origin of the aortic component of the second heart sound is more controversial. The classic explanation attributes the first high frequency vibrations of the second sound to closure of the aortic valve and the sudden impedance to 'back flow. 8 9 Several investigators have challenged this explanation. Piemme et al."6 postulated that the aortic second sound starts significantly before the aortic valve closure, while forward flow was still going on, and that it is the sudden deceleration of aortic forward flow that is responsible for the second sound. However their assumption that the onset of the second sound occurs 25 msec before valve closure was apparently incorrect. They mistakenly assumed that valve closure was accomplished at the time of the nadir point in the aortic flow curve. In fact, valve closure occurs earlier, at the time of zero flow, and the negative dip in the aortic flow is due to "cocking" of the closed valve.
Even their own record ( fig. 4 , in reference 7) demonstrated that the dicrotic notch at the aortic pressure curve came significantly before the nadir of the aortic flow. This was also evident in all our tracings. While many workers described a close temporal associa- Abbreviations: S2 = intensity of second aortic sound; dQ/dt -Peak deceleration of aortic flow; B.P. = Aortic pressure at time of valve closure; SV = stroke volume. tion between the first major group of vibrations of the second sound and the dicrotic notch in the aortic pressure,24' 26 MacCanon and coworkers, using a special electronic contacting device, showed that the aortic valve closed an average of 8 msec before the dicrotic notch in closed-chest
dogs."
Criley et al. demonstrated by rapid cineangiographic films that the start of the second sound coincided with a sharp descent and distension of the aortic valve and root, few milliseconds following valve closure,26 and Chandraratna and co-workers, using simultaneous recording of phonocardiograms and aortic valve echograms in patients, showed that the aortic valve closure preceded the aortic component of the second sound by an average of 12 msec.27 These observations were recently supported by the study of Anastassiades et al. 28 Our records showed that the dicrotic notch of the aortic pressure followed the initial point of cusp apposition by about 4-10 msec and was accompanied by the major component of the aortic sound, which was seen in some experiments to occur simultaneously with a rapid vibrating motion of the sealed aortic cusps (figs. 2, 3).
The intensity of the second sound was not related to the cusps' amplitude of motion but was closely associated with the rate of flow deceleration and the aortic pressure at the time of valve closure.
These observations suggest that the second sound originates in the aortic valve but not at the time of initial closure and cusp apposition but shortly after, when the sealed cusps tense and vibrate under the action of a rapidly applied force. The findings that the amplitude of the aortic component of the second sound is proportional to the level of the aortic pressure at the time of closure ( fig. 9 ) is consistent with the common clinical observation of louder aortic second sound in states of systemic hypertension.
In summary, our observations emphasize that while movement of the normal aortic valve does not contribute to the first heart sound, it has a major role in the genesis of the second sound. However, unlike the situation in the mitral valve in which the intensity of the first heart sound was found to be related to valve position and amplitude of motion,29 the intensity of the aortic sound is not related to the magnitude of aortic cusp motion at closure. The functional anatomy of the mitral and aortic valves are entirely different. The mitral valve cusps are attached to the chordae tendineae and a smaller amplitude of closing movement is expected to generate less tension in the combined apparatus of cusps and cords at the final point of closure. The aortic cusps are unrestrained structures that tend to stay in the closed position, and the intensity of their vibrations is directly related to the forces acting on them following the completion of closure. 
